ST. The cortical response to the oral perception of fat emulsions and the effect of taster status. The rewarding attributes of foods containing fat are associated with the increase in fat consumption, but little is known of how the complex physical and chemical properties of orally ingested fats are represented and decoded in the brain nor how this impacts feeding behavior within the population. Here, functional MRI (fMRI) is used to assess the brain response to isoviscous, isosweet fat emulsions of increasing fat concentration and to investigate the correlation of behavioral and neuroimaging responses with taster status (TS). Cortical areas activated in response to fat, and those areas positively correlated with fat concentration, were identified. Significant responses that positively correlated with increasing fat concentration were found in the anterior insula, frontal operculum and secondary somatosensory cortex (SII), anterior cingulate cortex, and amygdala. Assessing the effect of TS revealed a strong correlation with self-reported preference of the samples and with cortical response in somatosensory areas [primary somatosensory cortex (SI), SII, and midinsula] and the primary taste area (anterior insula) and a trend in reward areas (amygdala and orbitofrontal cortex). This finding of a strong correlation with TS in somatosensory areas supports the theory of increased mechanosensory trigeminal innervation in high 6-n-propyl-2-thiouracil (PROP) tasters and has been linked to a higher risk of obesity. The interindividual differences in blood oxygenation level-dependent (BOLD) amplitude with TS indicates that segmenting populations by TS will reduce the heterogeneity of BOLD responses, improving signal detection power. reward; somatosensory; oral texture; supertaster MUCH HAS BEEN PUBLISHED ON taste mechanisms, but little is known about the attributes of fat that drive sensory and hedonic aspects of palatability nor how central neural systems decode these inputs.
with fat content, and fat may also act as a chemical stimulus, with free fatty acids stimulating taste receptor cells for the detection of fat (Gilbertson 1998; Mattes 2005) .
Individuals experience different intensities and liking of fat-containing substances, and this has been shown to depend on their genetic taster status (TS), with supertasters being most sensitive in discriminating fat content (Tepper and Nurse 1997) . TS can be assessed using the perception of 6-n-propyl-2-thiouracil (PROP), subjects with a high PROP rating being supertasters. PROP TS is found to depend on the expression of the TAS2R receptor gene family, which is known to encode bitter taste receptors on the surface of the tongue (Drayna 2005) . It also has been shown that PROP TS is closely correlated with individual differences in the density and diameter of fungiform papillae on the tongue (Bartoshuk et al. 2002) . In addition, recent evidence from psychophysical studies indicates that TS covaries with lingual spatial tactile acuity, with supertasters showing the lowest thresholds for detection of the font size of embossed letters placed on the tongue, hypothesized to be due to increased spatial tactile acuity as a consequence of the coinnervation of fungiform papillae by mechanosensitive trigeminal nerves (Essick et al. 2003; Prutkin et al. 2000) . However, the effect of TS on the representation of somatosensory and gustatory inputs in sensory and higher cortical areas processing reward has not been investigated.
Functional MRI (fMRI) data are typically used to study the response of the general population using a random effects (RFX) analysis. However, the power of a group response will be limited by population heterogeneity (Baumgartner et al. 2000) . Studies have demonstrated that fMRI can allow functional phenotyping, for example in diseases such as schizophrenia (Windemuth et al. 2008) . A relatively small number of taste-processing studies have screened subjects for their genetic variation before the task (Small et al. 1999a (Small et al. , 2003 (Small et al. , 2004 or excluded non-/supertasters from their study (Jabbi et al. 2007 ), but none have looked at the variability in their functional response as detected by the blood oxygenation leveldependent (BOLD) response.
Fats are detected by their textural attributes, such as viscosity and lubricity (Drewnowski 1992; Ramirez 1994; Schiffman et al. 1998 ), but can also be detected when such textural attributes are controlled through the use of emulsifiers and thickening agents that mask viscosity effects (Schiffman et al. 1992) . Previous studies of oral viscosity have shown activation of anterior insula, frontal operculum (Verhagen et al. 2004) , and orbitofrontal cortex (OFC) in the primate and activation of the midinsula in humans (de Araujo and Rolls 2004; De Celis Alonso et al. 2007) . Human responses to oral fat have been found in the anterior cingulate cortex (ACC) extending to the OFC and the hypothalamus (de Araujo and Rolls 2004; De Celis Alonso et al. 2007) with the rostral AC and medial OFC being activated independently of viscosity, leading to the suggestion that these areas process the hedonic properties of fat. However, only two earlier human fMRI studies have been performed. The first (de Araujo and Rolls 2004) used pure fats that lack the attributes of fatty foods as they are naturally experienced. The second study (Grabenhorst et al. 2010 ) used low and high flavored liquid fat stimuli to assess areas of the brain representing subjective pleasantness of flavor and texture of fat but took no account of TS in their analysis.
In the current study, we deliver fats in a behaviorally relevant manner by using complex fat emulsions that mimic the sensory and perceptual effects of ingesting liquid fatty foods. The aims of this study were: 1) to resolve those brain areas/ systems that correlate with fat concentration by using a parametric paradigm design and analysis method; and 2) to address the issue of variability in response with taste phenotype by correlating brain activity with subject's TS, as defined by PROP rating, in a parametric design. We hypothesize that as supertasters are also superfeelers, they will have higher activity in primary sensory and reward areas.
METHODS

Subjects
Eighteen healthy right-handed subjects (10 males and 8 females), aged 31 Ϯ 10 yr (mean Ϯ SD) with body mass index 25 Ϯ 2 kg/m 2 (mean Ϯ SD), participated in the study. The volunteers were asked to consume a nonfatty dinner the evening before their study day and a light breakfast on the study day. All experiments took place at least 2 h after eating. This study was approved by the University of Nottingham Medical School Research Ethics Committee. All subjects gave informed written consent before enrolling in the study.
Stimuli and Delivery System
Fat emulsions were prepared from sucrose stearate emulsifier (E-473), rapeseed oil, hydroxypropyl methylcellulose (HPMC), and mineral water. The emulsifier, oil, and HPMC were specifically chosen for their low odor and taste characteristics (de Araujo and Rolls 2004; Miettinen et al. 2002) . The thickener HPMC was chosen for these studies as our preliminary experiments showed that it had lower taste and odor characteristics compared with other thickeners such as carboxymethyl cellulose (CMC). Emulsion samples were prepared as previously described by Hollowood et al. (2008) .
Emulsion samples varying in fat content (5, 10, 20, and 30% wt/wt) were prepared to represent the range of fat concentrations generally found in food products and had a viscosity in the region of 5 cP measured at 50/s. To isolate the impact of fat on the brain responses, the emulsion samples were designed to vary in fat content but not to elicit any significant sensorial differences in 5 perceptual attributes: sweetness, thickness, stickiness, mouth-coating, and dispersiveness. This was achieved by using a trained panel of 12 assessors to profile (identify and rate) the sensory properties of an extensive range (n ϭ 30) of emulsions from within a D-optimal design space. The sensory attributes were then modeled (Design-Expert software; Stat-Ease, Minneapolis, MN) in relation to oil, sugar, and HPMC content (Hollowood et al. 2008) . Using these models, emulsion samples were formulated with different fat contents but designed to have isoviscous and isosweet properties with highly correlated stickiness, mouthcoating, and dispersing properties. However, the 4 samples differed subjectively in terms of oiliness.
Delivery of the stimuli was achieved using a reproducible and automated spray delivery system (Marciani et al. 2006) . Emulsions were delivered via nozzles placed in the subjects' mouths. Subjects were instructed to hold the nozzles between their lips and to position the nozzles in the middle of their mouths to receive the sprayed solutions. This ensured dispersion of the test liquid across the tongue and other mouth surfaces before swallowing. The delivery system was housed outside the scanner room and controlled by Presentation software (Neurobehavioral Systems; http://www.neurobs.com), triggered by the scanner. Subjects were instructed to swallow following a visual cue 3 s after the onset of sample delivery (Fig. 1 ).
fMRI Paradigm
One cycle of the fMRI paradigm is shown schematically in Fig. 1 . In each cycle, 3 ml of the fat emulsion (stimulus) were delivered over a 3-s period (flow rate 1 ml/s). Emulsions of differing fat content were delivered in a random order. Subjects were instructed by a visual cue (small cross) to swallow immediately at the end of each stimulus delivery. This immediate swallow paradigm (Marciani et al. 2006 ) was used to give a clearly defined stimulus period, to reduce variations of the stimulus properties due to different interactions with the saliva, and to allow a more natural handling of the food in the mouth. Twelve seconds after the cessation of the fat delivery, 2 mouth rinses were given, the 1st rinse was 3 ml of 3.5% wt/wt lime juice in still mineral water ("wash lime"), and the 2nd rinse, delivered 4.67 s later, was 3 ml of still mineral water ("wash water"; Fig. 1 ); each of these mouth rinses was delivered in 3 s (flow rate 1 ml/s), and the subject was instructed to swallow immediately after delivery. Fat stimuli and rinse solutions were delivered at room temperature. Following the 2nd rinse, there was a delay of 12 s before repeating the entire cycle. For each subject, 36 cycles (9 cycles of each fat concentration) were presented in a random order. The total fMRI acquisition time was ϳ21 min.
Since it is difficult to voluntarily swallow immediately after a visual cue, surface electromyography (EMG) was acquired concurrently with fMRI data to identify the exact time of the swallow, allowing accurate modeling of the time the fat emulsion remained in the mouth in the fMRI design matrix. A pair of MRI-compatible Ag/AgCl electrodes were placed over the submental muscle complex (mylohyoid, geniohyoid, and anterior digastric muscles) and refer- Fig. 1 . One cycle of the functional MRI (fMRI) paradigm consisting of delivery of 3 ml of fat emulsion over a 3-s period. Following each stimulus, a mouth rinse of 3 ml of lime juice solution and 3 ml of mineral water were delivered (each rinse over a 3-s period). A visual cue on a screen instructed the subjects to swallow immediately after each delivery, as shown by the vertical arrows. Electromyography was used to identify the exact time to the swallow. Thirty-six cycles were acquired with fat stimuli of 5, 10, 20, and 30% wt/wt presented in a random order.
enced to the mastoid. The electrodes were attached to an input box via twisted leads, which were then connected to a MR-compatible amplifier with data collected at a sampling rate of 5 kHz and a band-pass filter of 0.016 -250 Hz (Brain Products, Munich, Germany). An MR scanner marker was recorded at the time of each repetition time, allowing a template for MR artifact correction to be formed (Allen et al. 2000) . EMG data were processed using BrainVision Analyzer (Brain Products). The EMG data were corrected for MR artifacts (Allen et al. 2000) and downsampled to 500 Hz, and then a 70-Hz low-pass filter was applied to remove the residual artifacts. A bipolar derivation was then calculated for the recorded channels, and a band-pass filter of 0.1-30 Hz was applied.
Following the scanning session, subjects were also asked to rank the four emulsion samples in order of preference. The order of presentation of emulsions was balanced across subjects. The subjects were instructed to cleanse their palate between samples using crackers and mineral water. After this, assessments were carried out to establish the TS of each subject. Subjects were asked to rate the bitterness intensity on a generalized labeled magnitude scale (gLMS) (Bartoshuk et al. 2002) of a filter paper impregnated with a supersaturated PROP solution (Sigma-Aldrich). The gLMS scale is a category ratio scale used to measure intensity of sensation with categories of no sensation, barely detectable, weak, moderate, strong, very strong, and strongest imaginable marked at distances of 0, 1.4, 17, 34.7, 52.5, and 100 mm along a continuous line. Only the verbal categories are given, and subjects are instructed to mark anywhere along the continuous line to register their sensation. Marks made by subjects were quantified by measuring the distance from 0 mm with a ruler.
MRI Scanning
A Philips Achieva 3.0T scanner was used with an 8-element SENSE head coil. fMRI acquisition comprised 36 contiguous, transverse double-echo (echo times 30 and 49 ms) gradient echo-planar imaging (EPI) slices with 64 ϫ 64 matrix and 4-mm isotropic resolution. A double-echo acquisition was chosen to provide increased BOLD sensitivity, which was particularly important in areas with short transverse relaxation time (T 2 *) such as the OFC (Gowland and Bowtell 2007; Marciani et al. 2006; Posse et al. 1999) . The volume repetition time was 2.6 s, which led to a jittered acquisition. Following the fMRI experiment, multiecho data were acquired with the same geometry as the fMRI data to form a T 2 * map; EPI volume data sets were collected at 5 echo times: 11, 30, 49, 68, and 87 ms. A longitudinal relaxation time (T 1 )-weighted [magnetization-prepared rapid acquisition with gradient echo (MPRAGE)] anatomic image with 256 ϫ 256 matrix, 1-mm isotropic resolution was then acquired.
Each MRI session lasted ϳ45 min, including scanner setup for each subject. Padding of the head was used to minimize head movements during the fMRI experiment.
Data Analysis
All fMRI data sets were processed using SPM5 (Statistical Parametric Mapping; Wellcome Department of Imaging Neuroscience; http://www.fil.ion.ucl.ac.uk/spm). Slice-timing correction was applied. The first echo images were then realigned to the first volume data space, and the realignment parameters were subsequently applied to the second echo images. Individual realignment parameters were visually inspected, and any subject who moved Ͼ1 voxel during the fMRI paradigm was excluded from the study. T 2 * maps were formed from the multiecho data set using a voxel-by-voxel, linear weighted least-squares fit and then used for weighted summation (Posse et al. 1999 ) of the double-echo fMRI data set. The weighted fMRI data were spatially normalized to the Montreal Neurological Institute (MNI) space. Two independent levels of smoothing were then applied to the raw data: data were smoothed with a 5-mm full-width halfmaximum (FWHM) isotropic Gaussian kernel for interrogation of individual subject fMRI time courses and to perform region of interest (ROI) analysis; to assess the group effect and form RFX statistical maps, data were smoothed with an 8-mm isotropic Gaussian kernel. Global scaling and temporal filtering with 80-s high-pass filter cutoff were then applied. A general linear model was formed for each individual (at both 5-mm smoothing for individual analysis and 8-mm smoothing for RFX group analysis). For each individual, the stimuli onset delay (time fat remained in the mouth) was found from the EMG traces to determine the stimulus input function. This was then convolved with a canonical hemodynamic response function. The two mouth rinse events and individual motion parameters were included in the design matrix as covariates of no interest.
The main RFX group effect of all the fat emulsion stimuli was 1st assessed independent of TS. This analysis is termed Correlation of BOLD response with all attributes of oral fat delivery in RESULTS. Activated areas were displayed at a false discovery rate (FDR)corrected probability of P Ͻ 0.05. The activated areas identified in this main effects analysis are related to all the sensory attributes of the stimulus: viscosity, taste, fat content, as well as other effects of the spray delivery and swallow. In a 2nd step, a linear (1st order) parametric modulation (Buchel et al. 1996) using fat concentration as the modulation parameter was adopted to identify areas of the brain showing a hemodynamic response that increased or decreased linearly with fat concentration. A binary mask of all attributes of oral fat delivery (P Ͻ 0.05 uncorrected) was used as a priori areas of interest, and significant regional activity was shown at P Ͻ 0.001 uncorrected, voxel level. This analysis is termed Correlation of BOLD response with fat concentration in RESULTS.
The linear relationship of BOLD signal with fat concentration was then further illustrated by plotting the time course of activation and the percentage BOLD signal change with fat concentration from each individual's 5-mm smoothed data. The MarsBaR toolbox (http:// marsbar.sourceforge.net; Brett et al. 2002) in SPM5 was used to create 8-mm radius, spherical ROIs centered on clusters of local maxima activation in the individual SPMs. For these ROIs, globally scaled, temporally filtered, and slice time-corrected time courses were extracted.
Statistical maps were then formed to assess correlation of TS with brain activity. Individual subject maps to all attributes of oral fat delivery were entered into a RFX one-sample t-test with PROP ranking included as a covariate of interest, and both positive and negative correlations with PROP ranking were assessed at a threshold level of P Ͻ 0.01 uncorrected. Each individual subject's 5-mm smoothed data were assessed for areas that were found to be active in our RFX activation maps. In addition, anatomically defined ROIs (Wagner et al. 2006 ) in the amygdala (as defined by the PickAtlas) and lateral (26, 32, Ϫ10) and medial (Ϫ6, 44, Ϫ2) OFC (as derived from de Araujo and Rolls 2004; De Celis Alonso et al. 2007 ) were inspected to assess for correlations. For each ROI, the maximum t-score and the mean of the top 5% of t-scores (Bertolino et al. 2004) for the Correlation of BOLD response with all attributes of oral fat delivery were assessed. A linear regression analysis and Pearson correlation (r) test were then performed to determine the correlation between the mean top 5% of t-scores and subject's PROP ranking.
To assess whether fat content had a significant effect on acceptability among the subjects, a Friedman ANOVA was applied to the behavioral data.
RESULTS
Data from 4 female subjects were discarded due to head motion Ͼ1 voxel during the course of their fMRI scanning session. The remaining subjects (10 males and 4 females) were of age 33 Ϯ 11 yr (mean Ϯ SD) and body mass index 23 Ϯ 3 kg/m 2 (mean Ϯ SD).
fMRI Results
Correlation of BOLD response with all attributes of oral fat delivery. The RFX group analysis revealed a distributed network of brain areas activated in response to the main effect of fat stimuli as shown in Fig. 2A . A complete list of the brain areas activated by fat stimuli is given in Table 1 along with their location in MNI coordinates and t-scores (for FDR P Ͻ 0.05). Areas activated by the fat stimuli included right ACC (6, 4, 54; t ϭ 9.05), right midinsula (38, 2, Ϫ2; t ϭ 3.54), anterior insula (42, 0, Ϫ4; t ϭ 3.16), bilateral frontal operculum (62, 2, 0, t ϭ 7.08; Ϫ60, 0, 10, t ϭ 6.96), and bilateral primary somatosensory cortex (SI) for oral representation (Miyamoto et Fig. 2 . A: random effects group analysis map for the response to Correlation of BOLD response with all attributes of oral fat delivery shown with false discovery rate (FDR) corrected to P Ͻ 0.05, overlaid on longitudinal relaxation time (T 1 ) images. The crosshairs indicate the positions of anterior cingulate, midinsula, frontal operculum, primary somatosensory cortex (SI), and secondary somatosensory cortex (SII; Brodmann area 43). B: random effects group analysis showing areas with a positive correlation of blood oxygenation level-dependent (BOLD) response with fat concentration as found using a parametric analysis (uncorrected P Ͻ 0.001 and overlaid on T 1 images). The crosshairs indicate the positions of the anterior cingulate, anterior insula, frontal operculum, SII (Brodmann area 43), and amygdala. C: random effects group analysis showing areas with a positive correlation of BOLD response with 6-n-propyl-2-thiouracil (PROP) ranking as found using a parametric analysis (uncorrected P Ͻ 0.01 and overlaid on T 1 images). The cross-hairs indicate the positions of the anterior cingulate, anterior insula, midinsula, SI, and SII (Brodmann area 43). al. 2006) (52, Ϫ10, 38, t ϭ 10.18; Ϫ56, Ϫ16, 22, t ϭ 10.32) and bilateral secondary somatosensory cortex (SII) (Brooks et al. 2005 ) (62, Ϫ16, 16, t ϭ 9.25; Ϫ64, Ϫ18, 8, t ϭ 7.87) ( Fig.  2A) . The OFC was not found to be activated at this threshold despite a double-echo acquisition being used for improved sensitivity to detection of BOLD activity.
Correlation of BOLD response with fat concentration. Those brain areas showing a positive correlation of BOLD response with increasing fat concentration were ACC (6, 12, 52; t ϭ 3.20), right anterior insula (46, 10, Ϫ8; t ϭ 4.32), bilateral frontal operculum (66, 10, 14, t ϭ 3.70; Ϫ56, 0, Ϫ2, t ϭ 3.59), right amygdala (18, 0, Ϫ18; t ϭ 3.19), and bilateral SII (68, Ϫ2, 20, t ϭ 3.26; Ϫ66, Ϫ16, 16, t ϭ 3.17) as shown in Fig. 2B . Table 2 summarizes these regions. Figure 3 shows the average time course extracted from the right anterior insula averaged across all subjects (independent of TS) for each of the four fat concentrations. A significant difference (P Ͻ 0.05) in the BOLD signal change in the 30 and 20% fat concentrations can be seen at 8 -12 s compared with the 5 and 10% fat levels. A negative correlation of BOLD response with increasing fat concentration was found only in posterior insula (50, Ϫ10, 14; t ϭ 3.05).
Correlation of BOLD activity with TS. Figure 2C shows those areas activated to the all-fat stimuli with significant positive correlations with TS as assessed by PROP ranking. Table 3 summarizes these areas. Figure 4 shows the mean top 5% t-score for Correlation of BOLD response with all attributes of oral fat delivery in these ROIs plotted against PROP ranking. Data are shown combined across hemispheres; a significant increase with TS was found in SI, SII, anterior, mid-, and posterior insula, and the ACC. In addition, there was a trend of increasing BOLD response in the amygdala and lateral OFC with TS (no trend in medial OFC). No areas showed a significant negative correlation with PROP ranking.
Behavioral Results
Friedman ANOVA and subsequent multiple-comparison tests indicated that for these 14 subjects, the 30 and 20% emulsions were significantly preferred to the 10 and 5% emulsions (P Ͻ 0.05). Table 4 shows the order of ranking of the samples given by the subjects. It was found that all high PROP tasters generally ranked the emulsions in order of fat concentrations for preference (where 30% fat was most preferred), whereas low PROP tasters showed no consistent ranking of preference order.
DISCUSSION
Flavor perception is a complex process that is the product of the integration of information from not only primary chemosensory, gustation and olfaction, but also somatosensory (Cerf-Ducastel and Murphy 2001) systems as well as other cross-modal inputs from vision and hearing (Bult et al. 2007; Keast et al. 2004) . During ingestive behavior, sensory inputs from gustatory and somatosensory receptors that are distributed across the lingual and oral surfaces engage a range of processes involved in feeding and combine to drive the hedonic experience of eating. The perception of fat is a key hedonic driver in food consumption, and its high reward value has been accredited as a key contributor to the current "epidemic" in obesity (de Araujo and Rolls 2004) .
Here, we have demonstrated activation of the sensory taste areas, anterior insula and frontal operculum; somatosensory areas, midand posterior insula, SI, and SII; and reward areas, amygdala and ACC, in response to a fat emulsion delivered in a manner that optimizes its spatial distribution across the tongue and mouth surfaces (Marciani et al. 2006 ). An EMG-guided analysis method was used to determine the time between swallowing and the visual cue to swallow to estimate the time the fat stimulus remained in the mouth, thus improving the model for detection of activated regions.
Dependence of BOLD Response on Fat Concentration
Several neuroimaging studies have identified areas of the brain that respond to taste (Francis et al. 1999; Kringelbach et al. 2004; O'Doherty et al. 2001; Ogawa et al. 2005; Small et al. 1999b Small et al. , 2003 , and activity in the anterior insula and amygdala has been shown to be modulated by tastant intensity (Rolls 1997; Small et al. 1999b ). However, to our knowledge, only two papers have addressed the representation of fat in the brain. The study by de Araujo and Rolls (2004) used a pure fat stimulus rather than a fat emulsion, and the response to oral fat was assessed by comparing the fat stimulus with a control of CMC of matched viscosity where the taste and odor of the CMC stimulus was assessed to be not significantly different from water. However, the more relevant issue for fMRI is whether the control has a different taste relative to saliva, with water having been shown to activate taste areas . Thus, despite CMC not being assessed to be different from water, CMC may have produced a cortical response, and this may have attenuated the apparent activation in response to fat. In the second, more recent study (Grabenhorst et al. 2010) , liquid flavored fat stimuli were used to assess pleasantness and textural effects of fat. Our pilot work assessed the use of a 0% fat and HPMC control and found that this still exhibited a taste response. However, the perceived taste due to the HPMC became negligible once the fat concentration in the emulsion reached 5%. Therefore, in this study, we did not compare emulsions with an isothick control sample, as used by de Araujo and Rolls (2004) and De Celis Alonso et al. (2007) . Instead, we chose to use a parametric design with fat concentration as a linear modulator (using emulsifiers and thickeners to control textural effects, with a minimum 5% fat level) to identify areas that correlated purely with fat concentration, thus avoiding the problem of using a control stimulus that was different in nature from the main fat emulsion stimuli. The right anterior insula was found to have activation positively correlated with fat concentration, and, given the putative findings concerning the presence of fatty acid receptors in the oral cavity (Gilbertson 1998) , it may be that fat itself provides a unique chemical stimulus that is processed by the primary taste cortex. Extensive modeling of the samples was performed to match their attributes, although it cannot be ruled out that attributes that could not be modeled (such as subjective differences in oiliness) could have had an influence on this insula activation. The anterior insula/frontal operculum in primates has also been shown to be activated not only by taste, but also by oral texture (Verhagen et al. 2004 ). The reward value of food is represented in the OFC and the ACC, with the OFC being reported to respond preferentially to Fig. 4 . Correlation between mean of the top 5% of t-scores for Correlation of BOLD response with all attributes of oral fat delivery and taster status (as assessed by PROP rating) in: SI and SII (somatosensory areas), anterior (primary taste), mid-and posterior insula, anterior cingulate, amygdala, and orbitofrontal cortex (OFC; reward areas). Data were combined across hemispheres (left and right data points shown for each subject). *Regions showing significant correlations as assessed by Pearson correlation values. ACC, anterior cingulate cortex. pleasant stimuli (O'Doherty et al. 2001; Small et al. 2003) . The amygdala has also been implicated in signaling either aversive taste (Zald et al. 2002) or affectively positive taste (O'Doherty et al. 2001) . The results of this study found activation of the amygdala and ACC that was positively correlated with fat content. However, no significant activation in the group map of all attributes of oral fat delivery was found in either the medial OFC (Ϫ6, 44, 2) or the lateral OFC (28, 30, Ϫ10) as reported by de Araujo and Rolls (2004) . On inspection of individual subjects' data, it was noted that four subjects showed significant activation in the lateral OFC, whereas three subjects showed significant activation in the medial OFC, and furthermore a positive (nonsignificant) correlation was found between OFC activity and subject's PROP ranking (Fig. 4) . It is likely that the low signal change, which was probably due to the samples being hedonically neutral, coupled with the variation in response between subjects due to TS, led to the OFC not being found to be significantly activated in the RFX analysis.
Although the fat samples were not significantly different in viscosity and sweetness (Hollowood et al. 2008) , behavioral results showed that subjects demonstrated a significant preference for the two higher fat samples (Table 4) , and this was clearly evident in the high PROP tasters. Previous studies have shown that supertasters perceive more creaminess in dairy products compared with nontasters (Nasser et al. 2001; Yackinous and Guinard 2001) .
Dependence of BOLD Activity and Preference on TS
The dependence of the results on TS suggests that the power of fMRI results can be increased by focusing on subjects with a particular TS.
TS was shown to be significantly positively correlated with the cortical response in somatosensory (SI, SII, and midinsula) areas as well as a significant increase in taste areas (anterior insula). In reward areas, there was a significant increase in cortical response with subject's PROP ranking in the ACC and a strong trend in amygdala and OFC. This finding of a strong correlation with TS in somatosensory areas supports the findings of Prutkin et al. (2000) , where it was shown that two-point detection thresholds were smaller for supertasters and that these thresholds were related to the distance between fungiform papillae, which are smaller and more densely packed in supertasters. More recently, Essick et al. (2003) showed that supertasters have improved lingual tactile spatial acuity (to embossed letters) compared with medium tasters or nontasters, concluding that heightened TS is correlated with an increased density of mechanosensitive trigeminal nerves, leading to a higher spatial tactile acuity.
In this study, the fat samples had no tastant (sweetener) added to ensure optimal matching of the samples. This lack of salient taste of the samples may have led to a reduced response in the anterior insula taste area and so the somewhat lower correlation with TS seen for this taste area than somatosensory areas, as shown in Fig. 4 .
It was shown here from subject preference ratings that TS, as defined by PROP sensitivity, is positively correlated with liking of fat. The positive trend between increasing PROP ranking and BOLD activation to a fat stimulus in OFC, amygdala, and ACC suggests a neural correlate of these behavioral observations. Previous studies on taster-liking interactions used sugar-fat mixtures Duffy 2007, 2008) and found that creaminess increased greatly with fat level and that in high TS subjects the level of liking was more influenced by sugar level. This confound of the interaction between sweet and fat mixtures and hedonic responses is not present in this study, as all-fat stimuli were chosen to be isosweet.
Greater activation in primary somatosensory oral areas has been linked to a greater risk of overeating and consequent weight gain (Stice et al. 2008) . The finding here that this increase positively correlates with TS, and hence fat preference, raises the possibility that high TS populations may be at greater risk of becoming obese. However, this current fMRI study has used only a small volume of fat samples and so can only comment on the acute effect of fats.
An association between PROP and body weight is not always found and likely to be influenced by factors including dietary restraint and disinhibition (Tepper and Ullrich 2001) as well as socioeconomic factors. Indeed, some behavioral studies have suggested that supertasters are thinner than medium tasters as a result of less liking for high-sweet, high-fat foods (Duffy et al. 1995 (Duffy et al. , 2003 (Duffy et al. , 2004 Looy and Weingarten 1992; Peterson et al. 1999) .
The results presented here show that the neural representations of the properties of fat differ significantly with TS. The variation in the amplitude of BOLD responses in key taste, texture, and reward processing areas with TS emphasizes the importance of phenotyping participants for fMRI taste studies to increase the statistical power of group analyses for fat perception and preference and also importantly to provide new information about the cortical features of different phenotypes.
